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ABSTRACT 
 
 Nanoscrolls consist of sheets rolled up into a papyrus-like form. Their open ends produce 
great radial flexibility, which can be exploited for a large variety of applications, from actuators 
to hydrogen storage. They have been successfully synthesized from different materials, including 
carbon and boron nitride. In this work we have investigated, through fully atomistic molecular 
dynamics simulations, the dynamics of scroll formation for a series of graphene-like carbon 
nitride (CN) two-dimensional systems: g-CN, triazine-based (g-C3N4), and heptazine-based (g-
C3N4). Carbon nitride (CN) structures have been attracting great attention since their prediction 
as super hard materials. Recently, graphene-like carbon nitride (g-CN) structures have been 
synthesized with distinct stoichiometry and morphologies. By combining these unique CN 
characteristics with the structural properties inherent to nanoscrolls new nanostructures with very 
attractive mechanical and electronic properties could be formed. Our results show that stable 
nanoscrolls can be formed for all of CN structures we have investigated here. As the CN sheets 
have been already synthesized, these new scrolled structures are perfectly feasible and within our 
present-day technology.  
 
 
INTRODUCTION 
 
 Nanoscrolls are nanostructures that consist of layered structures rolled up into papyrus-like 
form [1]. Graphene, carbon nanotubes (CNTs), and carbon nanoscrolls (CNSs) (Figure 1) can be 
considered, from a topological point of view, as closely related structures, as tubes and scrolls 
can be formed from rolling up graphene sheets. In fact, scroll can be considered as sheets rolled 
up into Archimedean spirals [1]. CNTs and CNSs differ only by the fact the CNSs present both 
ends open, since the edges of the scrolled membranes are not fused.  
 CNSs are remarkable structures sharing some of the graphene and CNTs properties, and also 
exhibiting unique ones [2,3]. Due to their open topology their diameter can be easily tuned, 
which can be the basis for a large variety of applications, from hydrogen storage [4] to 
electromechanical nanodevices [5], among others [1]. 
 CNSs have a long history, with their first observation dating back to 1960s [6]. Difficulties 
in synthesis and characterization [7] have precluded their wide investigations. Recent advances 
in synthesis [8] have renewed the interest in these nanostructures.  
Similarly to CNTs, nanoscrolls of different materials are possible. In fact hexagonal boron 
nitride nanoscrolls were theoretically predicted [9], and recently experimentally realized [10]. In 
principle, any layered structure is a good candidate for scrolls, as the mechanisms for the scroll 
formation and stability is an interplay between van der Waal interactions (energetic gain 
associated with the overlap regions) and mechanical deformations (energetic cost associated with 
bending the layers). In order to overcome the barrier to scroll formation, some energy should be 
provided to the system [2,3]. 
  
Figure 1. Graphene (top), carbon nanotubes (left), and carbon nanoscrolls (right). See text for 
discussions. 
 
 
Figure 2. Graphene-like CN layer structures: a) g-CN; b) triazine-based g- C3N4, and; c) 
heptazine-based g-C3N4.  
 In this work we have investigated, through fully atomistic molecular dynamics simulations, 
the dynamics of scroll formation for a series of graphene-like carbon nitride (CN) two-
dimensional systems: g-CN, triazine-based (g-C3N4), and heptazine-based (g-C3N4) (Figure 2). 
Carbon nitride (CN) structures have been attracting great attention since their prediction as super 
hard materials. Recently, several graphene-like carbon nitride (g-CN) structures have been 
synthesized with distinct stoichiometry and morphologies [11]. 
 
 
METODOLOGY 
 
 We carried out fully atomistic molecular dynamics (MD) simulations to investigate the 
structural and dynamical aspects of scroll formation for the structures presented in Figure 2. The 
simulations were carried out using the universal force field (UFF)[12], as implemented in the 
Materials Studio suite [13].  
 The MD simulations were carried out using a NVT ensemble, i. e., constant volume, 
temperature, and number of atoms. The used temperature of 50 K was controlled using a Nose-
Hoover thermostat [12,13], with time steps of 1 fs. All atoms were assumed to be in neutral state 
and with partial double bonds. No charge optimization processes were used. 
 The structural parameters for the rolling up scroll analyses are indicated in Figure 3. These 
parameters are defined by their parent (unscrolled planar configuration) sheet dimensions (L and 
W), and by the scrolling angle θ. 
 
Figure 3. Scheme and the structural scroll parameters. 
 
DISCUSSION 
 
 As mentioned above, the balance between van der Waals and elastic forces defines the 
formation and scroll stability. Starting from a planar configuration, bending the structure 
increases the energy system, which requires an energy assisted process or the system will return 
to its planar configuration. However, if the bending process goes beyond a critical point where 
there is an overlap between layers, the van der Waals forces (in opposition to the elastic ones) 
increases the stability of the system and depending on the overlapping area value, this could lead 
to a spontaneous and self-sustained scroll formation. 
 This energy balance can be better analyzed defining the quantity ΔE, that is the total energy 
value minus the energy of the planar configuration (reference energy), divided by the number of 
atoms in the structure. In Figure 4 we present these results for g-CN nanoscrolls, for the case of 
W=L=100 Å, and θ=0°. For comparison purposes the data for equivalent carbon nanoscrolls are 
also displayed.  
 
 
Figure 4. ΔE as a function of the internal diameter values for different carbon and g-CN scrolls. 
trical and optical properties.[29] By combining these unique CN
characteristics with the structural properties inherent to nano-
scrolls, new nanostructures with very attractive mechanical
and electronic properties could be formed. One of the objec-
tives of the present work is to address some of these aspects.
In this work, we have investigated, through fully atomistic mo-
lecular dynamics (MD) simulations (see the Experimental Sec-
tion for details), the stability, structural, and dynamical proper-
ties of hypothetical CNNSs, formed from rolling up graphen -
like layers for the structures shown in Figure 2: g-CN, triazine-
based g-C3N4 (tr-C3N4) layers (henceforward called triazine), and
heptazine-based g-C3N4 (hp-C3N4) layers (henceforward called
heptazine).
Structurally, nanoscrolls are defined by their parent sheet di-
mensions (L and W) and scrolling angle (q), which are defined
in Figure 3. They can be formed as one of two different types,
that is, alpha-type, when the sheet is scrolled from both ends,
and beta-type, when the sheet is scrolled from one end, the
other remaining planar, as schematically shown in Figure 3b
and c, respectively. It has been shown previously[9,10] that, for
a critical rolling diameter, th scrolled structure becomes
stable. The general process of producing nanoscrolls consists
of rolling up planar (or quasi-planar) structures into papyrus-
like configurations. The competing forces involved are the elas-
tic deformations and the van der Waals interactions. Depend-
ing on some parameters, the scroll can even be more stable
than the planar parent structure. Also, beyond a critical point,
the scrolling process is self-sustained and the resulting scrolled
structures oscillate radially near their maximum stability diame-
ter.
With regard to their synthesis, many different experimental
techniques have been used[14,15,16] and, recently, some theoreti-
cal works have proposed new possible synthetic routes to pro-
duce nanoscrolls, inducing the scrolling process to start from
direct contact with nanotubes.[30,31,32]
2. Results and Discussion
CNNSs can becom s able ructures through interplay be-
tween van der Waals and elastic forces, as previously observed
on carbon[9] and BN[10] scrolls. Owing to elastic deformations,
the energy in the system increases as a planar sheet is bent
from its initial state. This process needs to be energy assisted
(sonication, for instance), or the sheet would return to its
planar (or quasi-planar) conformation. However, if the bending
continues to a point where the sheet ends start to overlap, the
van der Waals forces oppose the elastic ones, increasing the
structural stability by decreasing the total system energy. De-
pending on the elasticity of the membrane and the inner di-
ameter value, after the starting of the overlap process, the
scrolling process can be self-sustained and a stable scroll can
be formed.
To investigate the stability and dynamics of formation of
these structures, we define a quantity DE as the total energy
minus the energy of the planar configuration, divided by the
number of atoms. The relation between DE and the scroll di-
ameter is presented in Figure 4.
In Figure 4a, we present DE as a function of internal scroll
diameter for CNNSs and g-CN nanoscrolls with the same W
and L dimensions (as defined in Figure 3). While the global be-
havior is quite similar, the stability depth-well is deeper in the
case of CNNSs. This can be understood by the fact that, be-
cause g-CN sheets are largely porous, unlike graphene, the
smaller contact area decreases the interlayer interactions.
In Figure 4b, DE is displayed as a function of the internal
scroll diameter for its van der Waals terms and for the bonded
terms. The corresponding configurations for some energy
values are also displayed in the Figure.
It can be seen from this Figure 4b that, as soon as overlap
starts to occur, the van der Waals energy sharply decreases,
thus compensating the increase in the elastic energy until the
point at which the inner diameter becomes too small, and the
elastic forces once again dominate the global behavior. This
region at which the van der Waals forces are dominating de-
fines the stability valley for a nanoscroll. In Figures 4c and 4d,
we present the corresponding results for the triazine and hept-
azine nanoscrolls, respectively. Their global behaviors are quite
similar and can be explained by the same arguments. The
larger W dimension can explain the deeper stability valley pres-
ent in Figure 4d.
For a fixed scrolling angle of q=08, the W dimension defines
the number of layers of the scrolled structure, whereas L de-
fines its length. The influence of the scroll dimensions on its
stability can be better understood by analyzing the curves in
Figur 3. a) Unwrapped g-CN sheet of length L and width W. Th q angle
defines the scrolling axis A. b) Alpha-type nanoscroll with q=458. c) Beta-
type nanoscroll with q=458.
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Figures 5 and 6. By fixing one dimension and varying the other
with a fixed internal diameter (of ca. 20 !), we can isolate the
contribution of each scroll dimension. In Figure 5, we can see
that larger W means greater stability, that is, a deeper stability
valley, as seen in Figure 4d. As W increases, more layers are
added to the scroll, resulting in stronger interlayer interactions
and, consequently, higher stability. However, the L values have
almost no effect on the energy stability, except for extremely
small values, as shown in
Figure 5. This means that scroll
length does not significantly
affect the stability.
Different scrolling angles, q,
can lead to distinct structures,
analogous to the chiral angles of
nanotubes. To understand the
role of this angle in the structure
dynamical properties, we carried
out molecular dynamics simula-
tions for alpha-type g-CN nano-
scrolls rolled up with three dif-
ferent scrolling angles, q=0, 90,
and 458, and an inner diameter
value near the stability one. DE
as a function of time evolution
for each case is shown in
Figure 6 (see the movies in the
Supporting Information). Similar
behavior was observed for q=0
and 908 structures, and they ulti-
mately oscillate around similar
DE values, indicating no signifi-
cant influence of the initial q
angle on the final stability, which
is different to that reported for
BNNSs.[10] For q=458, DE takes
longer to decrease, as the scroll
has to undergo significant struc-
tural changes to maximize con-
tact area, ultimately converging
to either a q=08 or a q=908
scroll (see the Supporting Infor-
mation). For comparison purpos-
es, in Figure 7, it is also present-
ed the DE time evolution for
a beta-type q=08 g-CN scroll
(see Supporting Information
movies). As the beta-type scroll
starts with a planar region, it is
necessary to first dissipate this
elastic tension before the scroll-
ing process can start. This is il-
lustrated by the fact that DE for
bonded terms rapidly decreases,
whereas the DE value for van
der Waals terms is still signifi-
cantly greater, because it takes
longer for significant layer overlapping to occur. Thus, it shows
that rolling up a sheet from both ends simultaneously (alpha-
type) is easier then rolling from one end while the other is
kept planar (beta-type). The armchair, zigzag, and chiral labels
refer to edge-type sheet terminations (see Figure 3) that make
the scrolls.
Lastly, inspired by recently proposed synthesis methods for
carbon and BN nanoscrolls in which carbon nanotubes (CNTs)
Figure 4. DE as a function of the internal diameter values for the different scrolls. a) Comparison between carbon
and g-CN nanoscrolls, for structures with W~L~100!. b) DE for van der Waals and bonded terms for g-CN nano-
scrolls, with a scroll of W~L~100!. c) Results for triazine nanoscrolls with W! L!105 !. d) Results for heptazine
nanoscrolls with W!170 ! and L!107 !. All cases for q=08.
Figure 5. DE as a function of W values. Results for a) g-CN, b) triazine, and c) heptazine nanoscrolls. For all cases
q=08.
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Figure 5. Snapshots from MD simulations (frontal and cross-section views) of initial, 
intermediate and final stages of the g-CN scroll formation. 
 
 
 
 
 
 
Figure 6. Snapshots from MD simulations (frontal and cross-section views) of initial, 
intermediate and final stages of the heptazine-CN scroll formation. 
 
 
 
 
 
 
Figure 7. Snapshots from MD simulations (frontal and cross-section views) of initial, 
intermediate and final stages of the triazine-CN scroll formation. 
 
 As can see from this Figure there is a well-defined minimum around 20 Å, which indicate 
the region where the scroll can be formed and be stable. This minimum is even deeper than for 
the case of the carbon nanoscrolls. This can be explained by the fact that g-CN sheets are largely 
porous (not the case of graphene), which results in a smaller contact area and decreased 
interlayer interactions [14]. Similar results were obtained for triazine and heptazine CN-scrolls. 
 We have also investigated how the scroll stability depends on L and W values. Our results 
showed that as W increases, also increases the scroll stability. This is a direct consequence that 
the number of overlap layers is proportional to W, resulting in a stronger interlayer interactions. 
However, the L values have almost no effect on the scroll stability, except for extremely small L 
values. This implies that the scroll length does not significantly affect its stability. 
 Our results also showed that stable nanoscrolls could be formed for all of CN structures we 
have investigated here. In Figures 6-8 we present snapshots from MD simulations showing 
different stages (initial, intermediate and final) of the scroll formation for g-CN, heptazine-CN, 
and triazine-CN structures, respectively. 
 
 
CONCLUSIONS 
 
 In summary, we have investigated using fully atomistic molecular dynamics simulations the 
structural and dynamical aspects of scroll formation for a series of graphene-like carbon nitride 
(CN) two-dimensional systems: g-CN, triazine-based (g-C3N4), and heptazine-based (g-C3N4). 
 Our results show that stable nanoscrolls could be formed for all of CN structures we have 
investigated here. The diameter value stability is around 20 Å. Our results showed that as W (see 
Figure 3) increases, also increases the scroll stability, while the L values have almost no effect on 
the scroll stability, except for extremely small L values. As the CN sheets have been already 
synthesized, these new scrolled structures are perfectly feasible and within our present-day 
technology. 
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